ABSTRACT. The feasibility of Lamb waves for monitoring thermally degraded materials is explored. It turns out that the use of Lamb waves leads to a promising nondestructive technique for the purpose of microstructure evaluation and material characterization of such materials. This is because Lamb modes can interact with entire area of a plate-like specimen while a conventional point-by-point technique is confined to just local investigations. Consequently, Lamb modes' data can show a better sensitivity and provide us with various features for thermal damage evaluation, compared to ones of local inspection, which results in the enhancement of experimental reliability. 2.25Cr-lMo steel specimens for various degradation levels were prepared by isothermal aging heat treatment at 650°and evaluated by the present technique to investigate the influence of the thermal damage to the Lamb wave feature based on the modal energy loss ratio.
INTRODUCTION
Recently, the typical material degradation found in the atomic or turbine power plant is due to high temperature creep and aging [1, 2] . However, it is not always possible or practical to evaluate well-prepared specimens of identical condition to ones in use for laboratory test. In this sense, development of an efficient and reliable technique to monitor material degradation condition has been of great concern [3] . It is well known that various ultrasonic waves have been used for material inspection and condition monitoring [8] .
This study aims at investigating the potential of Lamb waves for the characterization of thermally damaged materials. Furthermore, the experimental data based on the Lamb wave technique is correlated with the ones of conventional, visual material characterization by TEM (Transmission Electron Microscopy) so that the feasibility of the present approach is verified. In this study, it is proposed to apply ultrasonic Lamb waves to evaluate degradation of thermally damaged materials. 2.25Cr-1.0Mo steel, which is widely used in various fields, including the power industry due to its resistance against the environment of high temperature and corrosion.
EXPERIMENTAL DETAILS

Specimens
The test material is 2.25Cr-lMo steel used as a turbine rotor material for a hightemperature and high-pressure power plant. The reason why this material was chosen for this study is that there is much demand for this alloy in various industries because of its unique characteristics like corrosion resistance and the suitability for use in a high temperature environment. The chemical composition (in wt%) of the material is given in Table 1 . Table 2 shows the accelerated aging time at 650°C for equivalent microstructure served at 538°C. This is to simulate the microstructures of long term served materials at elevated temperature because of the difficulty to sample the aged materials on site [7] . All specimens were given homogenous treatment to obtain uniform substructure. Surface roughness of the specimens were maintained within 1 fm rms. The sheet type specimen of 90mm in length, 24mm in width and 10.6 mm thickness was used for measuring ultrasonic characteristics. Especially for Lamb wave test, the thickness was selected as 2.4 mm. Table 3 shows the mechanical properties of test materials. Figure 1 is a schematic diagram of the experimental setup for measuring attenuation by the immersion test. Broadband immersion type transducers of 0.5 inch diameter with 25 and 50 MHz center frequency were used along with a ultrasonic C-scan system as shown in Figure 1 . Analog signals were digitized using a Lecroy 9374M digital storage oscilloscope (DSO) with a sampling rate of I GHz. Data processing was performed by the Pentium PC and MATLAB software routines. The pulse echo technique was used for attenuation coefficient measurements. Ultrasonic waveforms are to be viewed on the CRT of an ultrasonic probe and oscilloscope. The attenuation values were analyzed in frequency domain through an FFT of the waveforms averaged 1,000 times in the oscilloscope. Figure 2 shows a schematic diagram of the experimental setup for the Lamb wave pitch-catch test. A couple of 1 MHz commercial type contact longitudinal transducers supplied by Japan Probe Co., along with the Ritec tone burst system is used to generate and receive the Lamb wave signals. The RF waveforms of each specimen were obtained by varying propagation distance between the two transducers. Mode identification was carried out with the as-received specimen for the modes, SO and Al at f d =2.4 MHz mm and the results are given in Table 4 . 
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carried out with the as-received specimen for the modes, S0 and A1 at fd =2.4 MHz mm and the results are given in Table 4 . Presented below is the phase velocity dispersion curves for the as-received specimen. 
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RESULTS AND DISSCUSSION
Microstructure Observation by SEM & TEM and Conventional Bulk Wave Tests
In order to investigate the change of carbide morphology and carbide to degradation steps, we observed a change of microstructure with increasing degradation time with a field emission scanning electron microscope (FESEM) and transmission electron microscope (TEM) for the 2.25CrMo steel material. Figure 4 shows the results of the TEM micrographs morphology of the carbides with aging time in the as-received and Presented below is the phase velocity dispersion curves for the as-received specimen. 
RESULTS AND DISSCUSSION
Microstructure Observation by SEM & TEM and Conventional Bulk Wave Tests
In order to investigate the change of carbide morphology and carbide to degradation steps, we observed a change of microstructure with increasing degradation time with a field emission scanning electron microscope (FESEM) and transmission electron microscope (TEM) for the 2.25CrMo steel material. Figure 4 shows the results of the TEM micrographs morphology of the carbides with aging time in the as-received and artificially aged specimens. Carbides became coarsened and spheroidized as the aging time was artificially aged specimens. Carbides became coarsened and spheroidized as the aging time was increased. Micro acicular carbide decreased in number and in 1,500 hours it was not observed. Grain boundary carbide coarsened and grew into a union. Figure 5 shows the dependence of the Vickers hardness value on aging time. We can tell that the downfall of the hardness value grew saturated as the degradation time passed. The value of hardness decreases more rapidly in a short aging time and the change becomes slower in longer aging time. Since these change of hardness values is related to the material degradation extent, we can predict destructive measurement indirectly and also identify the possibility of an evaluation of material degradation as well.
Material Condition Monitoring Based on Modal Energy Loss
Even though the data from the bulk wave immersion tests shows a feasibility for material condition monitoring as presented in Figure 6 , the deviation in experimental data doesn't seem to be significant enough to be a reliable feature considering inevitable experimental uncertainties and error sources. In addition, they appear to have some problem in consistency. The Lamb wave technique is motivated by such findings. For the Lamb wave tests, the variation in the modal energy loss ratio is monitored with respect to aging time change expecting the feature can allow us to tell about a material condition during its degradation. This is because such a change of microstructure of the alloy as the appearance of the carbide precipitation may cause energy loss. Unlike a bulk wave test, modal energy loss of Lamb waves can not simply be measured in terms of an amplitude decrease because of their dispersive natures. Rather, it is a better way to define a modal energy term as the area surrounded by envelope of the RF waveform since the modal energy is the function of amplitude as well as duration time. Two different RF waveforms were captured based on the pitch-catch setup varying the distance between transmitter and receiver by adding the time-delay barrier with 15.3 mm length as shown in Figure 7 . Then, the areas of the two envelopes are defined and determined as Al and A2, respectively in this study. Figure 8 and 9 represent the correlation between aging time and the energy loss ratio A2/A1 experimentally obtained at f=1.0 MHz for SO and Al modes, respectively. It is noted that the energy loss ratio of Al mode decrease remarkably from 0.7 to 0.1 with respect to aging time increase indicating the fact that 2.25Cr-1.0Mo alloy becomes a very lossy material due to thermal damage.
The result of the SO mode also tends to descend with an increase of aging time but its sensitivity doesn't seem to be as good as the one of the Al mode. Compared to the bulk wave attenuation data by the immersion test given in Figure 6 , it is proved that modal energy loss ratio of the Lamb wave modes can be a more reliable and sensitive feature to classify the level of material degradation. A further detailed study on the difference in sensitivity of the energy loss feature of Lamb modes may be required based on the correlation between their wave structures and microstructures of the alloy. Unlike a bulk wave test, modal energy loss of Lamb waves can not simply be measured in terms of an amplitude decrease because of their dispersive natures. Rather, it is a better way to define a modal energy term as the area surrounded by envelope of the RF waveform since the modal energy is the function of amplitude as well as duration time. Two different RF waveforms were captured based on the pitch-catch setup varying the distance between transmitter and receiver by adding the time-delay barrier with 15.3 mm length as shown in Figure 7 . Then, the areas of the two envelopes are defined and determined as A1 and A2, respectively in this study. Figure 8 and 9 represent the correlation between aging time and the energy loss ratio A2/A1 experimentally obtained at f=1.0 MHz for S0 and A1 modes, respectively. It is noted that the energy loss ratio of A1 mode decrease remarkably from 0.7 to 0.1 with respect to aging time increase indicating the fact that 2.25Cr-1.0Mo alloy becomes a very lossy material due to thermal damage.
The result of the S0 mode also tends to descend with an increase of aging time but its sensitivity doesn't seem to be as good as the one of the A1 mode. Compared to the bulk wave attenuation data by the immersion test given in Figure 6 , it is proved that modal energy loss ratio of the Lamb wave modes can be a more reliable and sensitive feature to classify the level of material degradation. A further detailed study on the difference in sensitivity of the energy loss feature of Lamb modes may be required based on the correlation between their wave structures and microstructures of the alloy. A re a (A 2 /A 1 ) FIGURE 9. The variation of A1 energy loss at f=1MHz with respect to aging time.
CONCLUSIONS
The feasibility of material degradation evaluation by Lamb waves is explored along with the results of TEM for microstructure change of a 2.25Cr-1.0Mo steel subjected to thermal damage. Due to carbide precipitation increase and spheroidization near grain boundaries of the microstructure during thermal degradation, the material becomes lossy resulting in the promising feature of the Lamb wave modal energy loss ratio for its condition monitoring. Lamb waves can be successfully applied to material condition monitoring, as long as a proper mode selection is achieved.
